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Abstract 
Recently a big number of works devoted to search for new hydrides with record high-temperature 
superconductivity and at the same time the successful synthesis of potential high-TC 
superconducting FeH5 was reported. We present a systematic search for stable compounds in the 
Fe-H system using variable-composition version of the evolutionary algorithm USPEX. All known 
(FeH, FeH3, FeH5) and several new Fe3H5, Fe3H13 and FeH6 iron hydrides were found to be stable, 
resulting in a very complex phase diagram with rich structural relationships between phases. We 
calculate electronic properties of two potentially high-TC FeH5 and FeH6 phases in the pressure 
range from 150 to 300 GPa. Indeed, hydrogen-rich FeH5 and FeH6 phases were found to be 
superconducting within Bardeen-Cooper-Schrieffer theory, with TC values of up to 46 K.  
Introduction 
Theoretical searches for new iron hydrides attracted attention of the scientific community 
since 1970s when the phase transitions in the Fe-H system were firstly experimentally investigated 
under pressure. 1,2 There are no stable crystalline iron hydrides at ambient conditions, because 
hydrogen dissolves in iron in a wide range of pressures and temperatures without the formation of 
individual phases. 3,4 However such molecules as FeH, FeH2, Fe2H4 and molecular complexes 
namely FeH2(H2)2, FeH·H2 and FeH2(H2)3 were identified using infrared spectroscopy at low 
temperatures in inert gas matrix. 5–7 The FeH phase was known as the only one in the Fe-H system 
for a long time, until the new stable iron hydrides were theoretically predicted in 2012 by 
Bazhanova et al. 8 using evolutionary algorithm USPEX with fixed-composition searches 
(restricted to compositions FeH, FeH2, FeH3, FeH4). New FeH3 and FeH4 phases were predicted 
to be stable at pressure higher than 100 GPa 8 with evidence for likely stability of FeH2 at lower 
pressures. Recently the structural evolution of FeH4 under pressure was studied as well using 
fixed-composition search. 9 Several years later in 2014 Pépin et al. 10 have experimentally 
synthesized the earlier predicted FeH3 at 86 GPa. Besides FeH3 phase another new iron hydride 
(FeH~2) was experimentally found 
10, yet precise positions of hydrogen atoms were not 
established. Recent experimental investigation by Pépin et al. 11 reported about synthesis of FeH5 
at pressures above 130 GPa. Its crystal structure was partially determined using available XRD 
data, but the exact positions of hydrogen atoms were identified using DFT calculations.3  
Recent exceptional interest was attracted to hydrides due to experimental and theoretical 
findings of high-TC superconductivity under high pressures. 
12–20 Moreover, recent theoretical 
investigation of new hydrides in the Ge-H system 21 (TC ~ 60 K), Sn-H 
19 (TC ~ 100), MgGeH6 
22 
(TC ~ 132 K), H-S 
14 (TC ~200 K) systems and in Th-H 
23 and U-H 20 systems (TC ~ 194 K) at high 
pressures as well as landmark achievements in experimental synthesis of H3S 
17 (TC ~ 203 K), 
PH3 
24 (TC ~ 100 K), Si2H6 
25 (TC ~ 76 K) inspire exploration of new hydrides. Fresh theoretical 
work made by Majumdar et al. 26 reported about relatively high possible transition temperature 
~ 51 K at 130 GPa in FeH5. All these findings motivate us to study in details the Fe-H system, in 
particular, stability and superconducting properties of new phases.  
Iron is a distinctive element for superconductivity. It was assumed for a long time that 
magnetism of iron makes superconductivity impossible. However, in 2001 the superconductivity 
from non-phonon mechanism of interaction was discovered in nonmagnetic ε-Fe with TC ~ 2.3 K 
at 15 GPa. 27–29  
Since the unexpected discovery of iron-containing superconducting pnictides in 2008 with 
potential upper critical magnetic fields of up to 200 T, 30,31 different mechanisms of 
superconductivity in such materials in relation with magnetism is still under discussion. 32 In this 
case special interest to FeH5 is caused by the fact that it is the first synthesized superhydride of 
iron, where superconductivity could come both from electron-phonon coupling and magneto-
elastic coupling in the spin-driven scenario 33,34 or/and orbital fluctuation pairing 35,36.  
In the last years many developments have been made in order to extend the scope and 
predictive power of the USPEX code. One of them was the implementation of variable-
composition search 37, which allows one to explore the whole compositional space in the studied 
system in a single calculation. These improvements and previous experimental studies of iron 
hydrides 10,11 motivated us to perform the evolutionary variable-composition search for new 
phases in the Fe-H system. The detailed investigation of stability, structural, electronic and 
superconducting properties of predicted hydrogen-rich phases was carried out, we estimated the 
possible contribution of electron-phonon interaction to superconductivity of iron hydrides. 
Computational details 
We performed variable-composition searches for stable compounds in the Fe-H system at 
pressure of 0, 50, 100 and 150 GPa using the USPEX 38,39,37 package. The first generation (120 
structures) was created using random symmetric generator, while all subsequent generations (100 
structures) contained 20% random structures, and 80% created using heredity, softmutation and 
transmutation operators. Here, evolutionary searches were combined with structure relaxations 
using density functional theory (DFT) 40,41 within the spin-polarized generalized gradient 
approximation (Perdew-Burke-Ernzerhof, or PBE functional), 42 and the projector-augmented 
wave method, 43,44 as implemented in the VASP package. 45–47 Plane wave kinetic energy cutoff 
was set to 600 eV and the Brillouin zone was sampled by Γ-centered k-points meshes with 
resolution 2π×0.05 Å−1.  
By definition, a thermodynamically stable phase has the lowest Gibbs free energy (or, at zero 
Kelvin, lowest enthalpy) among any phase or phase assemblage of the same composition. 
Thermodynamic convex hill construction compactly presents information about all possible 
formation and decomposition reactions; phases that are located on the convex hull are the ones 
stable at given pressure. Stable structures of elemental Fe and H were taken from USPEX 
calculations and from Refs. 48–50 and 51, respectively.  
Calculations of superconducting TC were carried out using QUANTUM ESPRESSO package 
52. 
Phonon frequencies and electron-phonon coupling (EPC) coefficients were computed using 
density-functional perturbation theory 25, employing plane-wave pseudopotential method and PBE 
exchange-correlation functional 42. Convergence tests showed that 70 Ry is a suitable kinetic 
energy cutoff for the plane wave basis set. We used pseudopotentials with PBE exchange-
correlation functional. In our calculations of the electron-phonon coupling (EPC) parameter λ, the 
first Brillouin zone was sampled using 4×4×1 and 4×4×2 q-points mesh, and a denser 16×16×4 
and 16×16×8 k-points mesh for FeH5 and FeH6, respectively (with Gaussian smearing and 
σ = 0.05 Ry), which approximates the zero-width limits in the calculation of λ.  
Electronic band structures of FeH5 and FeH6 were calculated using both VASP and QE, and 
demonstrated good consistency. Comparison of the phonon densities of states calculated using 
finite displacement method (VASP and PHONOPY 54,55) and density-functional perturbation 
theory (QE) excellent agreement between these methods. 
The superconducting transition temperature TC was estimated by using two equations: "full" – 
Allen-Dynes and "short" – modified McMillan equation 56. The “full” Allen-Dynes equation for 
calculating TC has the following form 
56:  
𝑇𝐶 = 𝜔𝑙𝑜𝑔
𝑓1𝑓2
1.2
exp (
−1.04(1 + 𝜆)
𝜆 − 𝜇∗ − 0.62𝜆𝜇∗
) , (1) 
while the modified McMillan equation has the form as: 
𝑇𝐶 =
𝜔𝑙𝑜𝑔
1.2
exp (
−1.04(1 + 𝜆)
𝜆 − 𝜇∗ − 0.62𝜆𝜇∗
) . (2) 
The EPC constant λ and logarithmic average frequency ωlog were calculated as: 
𝜆 = ∫
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2
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𝛼2𝐹(𝜔) ln(𝜔)
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), (4) 
and µ∗ is the Coulomb pseudopotential, for which we used widely accepted lower and upper bound 
values of 0.10 and 0.15.  
Crystal structures of the predicted phases were generated using VESTA software. 57 
Results and Discussion 
In order to predict stable phases in the Fe-H system we performed variable-composition 
evolutionary searches using the USPEX algorithm 38,39,37 at pressure range from 0 to150 GPa. 
Pressure-composition phase was constructed as shown in Fig. 1. There are no stable hydride phases 
in the pressure range from 0 to 5 GPa, which is in agreement with experimental observations. 3,4 
Increase of pressure leads to the formation of 𝐹𝑚3̅𝑚-FeH phase which is stable up to 150 GPa. 
Another experimentally known phase 𝐼4/𝑚𝑚𝑚-FeH2 is magnetic and stable in a relatively narrow 
pressure range from 45 to 75 GPa, which is in agreement with literature data. 10 New 𝑃𝑚3̅𝑚-
Fe3H8 becomes stable from 5 until 75 GPa. It is important that 𝑃𝑚3̅𝑚-Fe3H8 is structurally similar 
to 𝑃𝑚3̅𝑚-FeH3 but with one iron and four hydrogen vacancies in the 4×1×1 supercell of FeH3 
(see Fig. S6 in Supporting Information). At higher pressures it decomposes to the new 𝑃63/𝑚𝑚𝑐-
Fe3H5 and 𝑃𝑚3̅𝑚-FeH3. FeH3 is stable from 65 to 150 GPa, which agrees with high-pressure 
experiments where it was synthesized at 86 GPa. 10 𝐼4/𝑚𝑚𝑚-FeH5 phase recently synthesized 11 
at pressures above 130 GPa, was found to be thermodynamically stable at pressures from 85 to at 
least 150 GPa. In the same pressure region the new 𝐼4/𝑚𝑚𝑚-Fe3H13 was theoretically predicted. 
It important that newly predicted Fe3H5, Fe3H8 and Fe3H13 with compositions close to FeH2, FeH3 
and FeH5 display rich polysomatism. 
58  
 
Fig. 1. Pressure-composition phase diagram of the Fe-H system. FeH5 and FeH6 are metallic and 
superconducting. All shown phases, except hydrogen allotropes are metallic. 
We also found new hydrogen-rich 𝐶2/𝑚-FeH6 phase at pressure higher than 35 GPa to be 
thermodynamically stable. At ~ 82 GPa 𝐶2/𝑚-FeH6 transforms to 𝐶𝑚𝑚𝑚-FeH6 phase (see Fig. 
1), which remains thermodynamically stable at pressures up to 115 GPa (see Supporting 
Information Fig. S1). At higher pressures (up to 150 GPa) 𝐶𝑚𝑚𝑚-FeH6 is only 1.5 meV/atom 
above decomposition line (see Fig. 2a). Magnetic bcc phase of iron transforms to nonmagnetic hcp 
ε-Fe at 15 GPa (Fig. 1) in agreement with Refs. 27–29. Most of iron hydrides (FeH, Fe3H5, Fe3H8, 
FeH3 and Fe3H13) are magnetic and become nonmagnetic at high pressures (~ 100 GPa).  
Further detailed investigation is devoted to stability, electronic and superconducting properties 
of Fe-H phases at 150 GPa. 
We built the convex hull for the Fe-H system at 150 GPa (see Fig. 2a), which shows that there 
are 5 stable Fe-H phases namely 𝐹𝑚3̅𝑚-FeH, 𝑃𝑚𝑚𝑚-Fe3H5, 𝑃𝑚3̅𝑚-FeH3, 𝐼𝑚𝑚𝑚-Fe3H13 and 
𝐼4/𝑚𝑚𝑚-FeH5. We found a very large number of phases close to convex hull. In the iron-rich 
part of convex hull (left part of Fig. 2a) the decomposition line has linear character, which 
corresponds to the formation of solid solutions of hydrogen in iron in a wide range of hydrogen 
concentrations. 3,4 Hydrogen-rich region (right part of Fig. 2a) with almost parabolic character of 
decomposition line and phases at this region display rich polysomatism. 58 We found 𝐼4/𝑚𝑚𝑚-
FeH2 to be metastable at 150 GPa by 10 meV/unit. This phase was found in experiments at 
pressures from 67 GPa up to 86 GPa, but was indicated as FeH~2 
10 due to undetermined 
stoichiometry. Our phase diagram (Fig. 1) explains why FeH2 was not found at higher pressures. 
 
Fig. 2. a) Calculated convex hull of the Fe-H system at 150 GPa. Green points correspond to low-
enthalpy metastable FeH2 and FeH6; b) Equations of state of FeH2, Fe3H8, FeH3, FeH5 and FeH6 
phases compared with experimental data from Ref. 11; c-g) Crystal structures of predicted stable 
Fe-H phases. Iron atoms are shown by large brown balls; hydrogen atoms by small blue balls.  
Additionally, we calculated equations of state (EOS) of the predicted FeH2, Fe3H8, FeH3, FeH5 
and FeH6 phases and compared them with available experimental data from Refs. 
10,11 (see Fig. 
2b). One can see that theory (dashed lines in Fig. 2b) agrees very well with experimental data 
(squares in Fig. 2b). EOS of Fe3H8 is close to experimental and calculated data for FeH3 at low 
pressures (dotted line in Fig. 2b). Comparison of the predicted crystal structures with experiment 
shows similar positions of iron atoms. Good agreement with all available experimental data lends 
confidence to our further predictions that the new FeH6 hydride (see black dashed line in Fig. 2b) 
should be stable at pressures from 50 GPa (in fact, even lower pressures) to 115 GPa (see 
Supporting Information). 
Crystal structures of FeH, FeH2, FeH3, FeH5 and FeH6 are shown in Fig. 2c-g. FeH phase has 
the well-known rocksalt-type structure (see Fig. 2c). FeH2 has orthorhombic structure alternating 
FeH3- and FeH-type layers (see Fig. S7 in Supporting Information). FeH3 phase (see Fig. 2e) has 
the smallest unit cell with only 1 iron atom coordinated by 12 hydrogens; together Fe and H atoms 
occupy sites on the cubic close packing. Predicted Fe3H13 phase has layered structure where each 
layer is FeH3 phase with the thickness of 4.7 Å (double unit cell) divided by additional hydrogen 
layer. FeH5 phase is similar to Fe3H13 with the only difference in the thickness of FeH3-type layers 
which equals to 2.36 Å (unit cell of FeH3 phase). Metastable at 150 GPa 𝐶𝑚𝑚𝑚-FeH6 phase 
consists of the FeH3-type layers, similarly to FeH5, but divided by thicker hydrogen layers, than 
in FeH5 phase (see Fig. 2b) with H2 molecules (H-H distance 0.74 Å) between the layers. Such 
layered structure with alternation of hydrogen and FeH3-type layers is similar to Na3Cl, 
59 which 
is made of alternating NaCl and Na2 layers. It is currently unknown why such alternating-layer 
polysomatic compounds become stable under pressure. 
Our main interest here is in hydrogen-rich FeH5 and FeH6, and their potential superconductivity 
in view of recent synthesis and investigations of various superconducting hydrides 12–20,24,25. It is 
important to note that both FeH5 and FeH6 remain dynamically stable in the considered pressure 
region from 150 to 300 GPa, according to phonon calculations (see Supporting Information Fig. 
S4 and S5). 
We have calculated band structures and electronic densities of states of FeH5 and FeH6 phases 
at 150 GPa (see Fig. 3). The atom-projected band structure shows that contribution to the Fermi 
level mainly comes from iron atoms (red color), while hydrogen bands lie much deeper in 
conduction and valence bands (blue color). High peaks of the electronic DOS of FeH5 at -2 eV 
(see Fig. 3a) can be explained by the presence of flat bands in the direction perpendicular to c-
axis. Such behavior of the bands indicates the layered structure and weak interaction between 
layers in FeH5. All other Fe-H phases are metallic with very low DOS at Fermi level 
(< 0.15 states/eV/unit). 
 
Fig. 3. Electronic band structures and densities of states of a) FeH5 and b) FeH6 at 150 GPa. Red 
color corresponds to the contribution from Fe, while blue color is for hydrogen atoms.  
Similarly, the band structure of FeH6 shows presence of flat bands along the high-symmetry c
* 
direction of the reciprocal space (see Fig. 3b). We calculated the electronic DOS for both phases 
at pressures of 150, 200 and 300 GPa. The values of the densities of states at the Fermi level are 
shown in Table 1. One can see that as pressure increases the density of states slightly increases as 
well. (see Table 1).  
Both crystal structure and electronic properties of FeH5 and FeH6 phase display strong 
resemblance. We have calculated the electron-phonon coupling (EPC) coefficient λ, logarithmic 
frequency ωlog and TC using both Allen-Dynes and McMillan formulas 56 as a function of pressure 
(Table 1). One can see that EPC coefficient for FeH5 phase increases with increasing of pressure 
due to increasing density of states Nf (λ = Nf×VCoulomb). At the same time TC decreases with 
pressure, due to decreasing ωlog. Values of TC for both phases are reasonably high, ~ 43-45 K at 
pressures 150 GPa, which is in a good agreement with data from Ref. 26 Below 150 GPa FeH6 
consistently loses its superconducting properties due to changes in the interlayer interactions. 
Below 100 GPa we have not found superconductivity in FeH6.  
Table 1. Predicted superconducting properties of FeH5 and FeH6 phases. TC values are given for 
µ* = 0.1 (0.15).  
Phase P, GPa λ 
Nf, 
states/unit/eV 
ωlog, K 
TC  
(Allen-Dynes), K 
TC  
(McMillan), K 
FeH5 
150 0.97 0.145 642.3 45.8 (33.6) 42.6 (32.3) 
200 1.05 0.257 492.7 39.7 (30.6) 36.6 (28.8) 
300 1.26 0.318 339.5 35.7 (28.7) 32.2 (26.5) 
FeH6 
100 0.37 0.731 973.1 3.9 (1.2) 4.0 (1.2) 
150 0.92 0.436 665.6 42.9 (31.3) 40.2 (29.7) 
300 0.94 0.391 549.6 37.3 (27.6) 34.9 (26.1) 
 
Conclusions 
Using evolutionary crystal structure prediction algorithm USPEX we have uncovered 
unexpectedly complex chemistry of the Fe-H system at pressure range from 0 to 150 GPa. We 
confirmed the atomic structure of the experimentally synthesized FeH2, FeH3, FeH5 and predicted 
new 𝑃𝑚𝑚𝑚-Fe3H5, 𝐼𝑚𝑚𝑚-Fe3H13, 𝐼4/𝑚𝑚𝑚-FeH5 and 𝐶𝑚𝑚𝑚-FeH6 phases to be stable at 
150 GPa. All predicted new phases belong to the same polysomatic series formed by the FeH- and 
FeH3-type blocks. More detailed calculation of P-V equation of states allows us to determine the 
crystal structure of experimentally found FeH~2 phase as 𝐼4/𝑚𝑚𝑚-FeH2. Determined crystal 
structure of hydrogen-rich phases allowed us to perform theoretical calculations of electron DOS 
and superconducting properties within BCS theory. We showed that both FeH5 and FeH6 
demonstrate electronic behavior corresponding to two-dimensional metals. EPC coefficient and 
DOS at Fermi level increase with decreasing of ωlog in the pressure range from 150 to 300 GPa, 
which leads to decrease of TC. Thus, TC values for both I4/mmm-FeH5 and Cmmm-FeH6 do not 
exceed 46 K at 150 GPa.  
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Equations for calculation TC 
The “full” Allen-Dynes equation for calculating TC has the following form 1:  
𝑇𝐶 = 𝜔𝑙𝑜𝑔
𝑓1𝑓2
1.2
𝑒𝑥𝑝 (
−1.04(1 + 𝜆)
𝜆 − 𝜇∗ − 0.62𝜆𝜇∗
) , (S5) 
while the modified McMillan equation has the form as: 
𝑇𝐶 =
𝜔𝑙𝑜𝑔
1.2
𝑒𝑥𝑝 (
−1.04(1 + 𝜆)
𝜆 − 𝜇∗ − 0.62𝜆𝜇∗
) , (S6) 
where 
𝑓1 = (1 + (
𝜆
𝛬1
)
3
2
)
1
3
, 𝑓2 = 1 +
𝜆2
𝜆2 + 𝛬2
2 ∙ (
𝜔2
𝜔𝑙𝑜𝑔
− 1)  (S7) 
and 
𝛬1 = 2.46(1 + 3.8𝜇
∗), 𝛬2 = 1.82(1 + 6.3𝜇
∗), 
  𝜔2 = √
1
𝜆
∫ [
2 ∙ 𝑎2𝐹(𝜔)
𝜔
] 𝜔2𝑑𝜔
𝜔𝑚𝑎𝑥
𝜔𝑚𝑖𝑛
 
(S8) 
f1, f2, Λ1, Λ2 are functions and correlation factors, used in Allen-Dynes paper for calculating the 
critical temperature in the case of the inapplicability of the McMillan approximation for large EPC 
parameters λ > 2, ω2 is square root of the mean squared frequency. Minimal (ωmin > 0) and maximal 
(ωmax) frequencies were determined as the extreme zero values of the Eliashberg function, where 
a2F(ω) < 10-6. 
 
Stability ranges of new iron polyhydrides  
 
Fig. S1. Decomposition enthalpy curve of FeH6 into FeH5 and H2.  
 
Fig. S2. Enthalpy difference between 𝐶𝑚𝑚𝑚 and 𝐶2/𝑚-FeH6 phases.  
 
Fig. S3. Enthalpy of formation of FeH5 formation from FeH6 and Fe3H13  
 
Fig. S4. Phonon DOS of FeH5 at 150 and 300 GPa.  
 
Fig. S5. Phonon DOS of FeH6 at 150 and 300 GPa. 
 
Crystal structures of FeH, FeH2, FeH3 and Fe3H8 phases  
 
Fig. S6. Similarity between crystal structure of FeH3 and Fe3H8. One iron and four hydrogen 
vacancies transform 4×1×1 supercell of FeH3 to Fe3H8. 
 
 
Fig. S7. Crystal structures of Fe-H phase showing the alternation of FeH- and FeH3-type layers 
along c-axis in FeH2 phase. 
 
Electronic properties of Fe-H phases  
 
Fig. S8. Electronic density of states for 𝐹𝑚3̅𝑚-FeH5 and Cmmm-FeH6 phases at 150 GPa.  
As can be seen from the Fig. S6 the DOS(E) functions can be considered as combinations of 2 
contributions: interlayer electronic density of states (3D) and intralayer density of states (2D) 
localized between the iron atoms in the layers. The latter contribution numerically equals to 
0.25 states/eV/cell (the cell parameters of 2D FeH5 sublattice at 150 GPa are a = b = 2.39 Å) and 
clearly manifests itself near Fermi level (see inset of right panel of Fig. S8) and in the region from 
-17.5 to -20 eV, where the 3D contribution is almost zero (inset of left panel of Fig. S8). Two-
dimensional density of states does not depend on energy and identifying by the characteristic step 
(see inset of left panel of Fig. S8). Moreover, the intralayer conductivity causes the metallic 
properties of FeH5, FeH6 at 150 GPa.  
Eliashberg spectral functions for FeH5, FeH6 phases at different pressures 
In these all cases the stretch contribution is weak (from 120 to 140 THz) and has not shown on 
the diagram for clarity 
 
Fig. S9. Eliashberg function a2F(ω) for 𝐼4/𝑚𝑚𝑚-FeH5 phase at 150 GPa 
 
 
Fig. S10. Eliashberg function a2F(ω) for 𝐼4/𝑚𝑚𝑚 -FeH5 phase at 200 GPa 
 
 
Fig. S11. Eliashberg function a2F(ω) for 𝐼4/𝑚𝑚𝑚-FeH5 phase at 300 GPa 
 
Fig. S12. Eliashberg function a2F(ω) for 𝐶𝑚𝑚𝑚-FeH6 phase at 150 GPa 
 
 
Fig. S13. Eliashberg function a2F(ω) for 𝐶𝑚𝑚𝑚-FeH6 phase at 300 GPa 
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